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SUMMARY

An investigationofoverheatings-8tialloytotemperaturesof
1,693°,1,8Q0°,1,900°,and2,030°F duringthecourseofrupturetests
at 1,~“ F waacarriedout. Theoverheatingwasappliedperiodically
for2 minutesinmostof thetests.Theintentwastodevelopbasic
informationon theeffeetofoverheatson creep-rupturepropertiesin

s ordertoassistin theevaluationofdamagefromoverheatsduringgas-
turbineoperation.

Overheatingreducesrupture13feboththroughalterationof the
internalstructureof thealloyand,ifstressispresentduringan
overheat,by acceleratedcreepat thehighertemperature.Suchreduc-
tioninruptureMe increaseswiththetemperatureanddurationof
overheating.Iossinrupturelifeby structuralalteratimwasnegli-
gibleat 1,6x0F,buttwooverheatsto2,000°F of 2-minuteduration
intheabsenceof stressreducedlifeat l,~” F by about“70percent.
Apparently,thetotaldsmage,ifstressispresentduringoverheats,is
thesumof thestructuralchangeeffectfromtemperatureplustheper-
centageofthetotalrupturelifeat theoverheattemperaturerepresented
by thetimeat theoverheattemperatureunderstress.

Whilethereductioninrupturetimeat 1,~0° F dueto temperature-
inducedstructuralchangescanbe large,thecorrespondingreductionin
stressforrupturein a specifictimeis considerablysmalleron a per-
centagebasis.Fromthistiewpointjmajorreductionsinrupturestrength
duetooverheatingariseonlywhensufficientstressispresentduring
anoverheattouseup substantialamountsofruptureHe by accelerated
creep.Thisindicatesthatin theabsenceof substantialcreepduring
overheatingothersourcesofdamage,suchas thermalshock,willusuaU.y
be theimportantcausesofdsmge.
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INTRODUCTION
—

r

.An investigationwascarriedouttoevaluatetheeffectsofbrief
overheatstotemperaturesof1.,6x0,1,800°,1,900°,ad 2,0CQ0F on the
creep-rupturepropertiesofS-816alloyat1,500°F. Theobjectiveof
theinvestigationwasto obtainbasicinformationon thechangesin
creep-rupturepropertiesofthealloyduetooverheatingwhichcanoccur
duringjet-engineoperation.

Theeffectsof overheatingwereevaluatedin termsOF thechanges
in creep-rupturecharacteristicsat 1,500°F understresseswithinthe
rangeofrupturestrengthsof theS-816alloyfor100to1,000hours.
Thepossibledamagefromoverheatingwasconsideredto includeinternal
metalstructurechangesinducedby exposureto thehighertemperatures
andlossin lifeby creepif stresswaspresentduringtheoverheats.
Temperaturedsmagewasevaluatedby startingtestsat l,w” F andthen
peri.odicalJyoverheatingwiththestressremovedduringtheoverheat
periods.Stressdamageduringoverheatswasevaluatedby leavingstress
on thespecimensduringtheoverheats.

!?

Overheatperiodswerepredominately2 minutesindurationsndwere
appliedcyclicallyat approximately5-or12-hourintervals.These
scheduleswereadoptedtoprovidethemostusefulgeneralresultsafter
considerationby theSubcommitteeonPower-PlantMaterialsof the
NationalAdvisoryCommitteeforAeronauticsof thevariableconditions
underwhichoverheatingcanoccurinjet-engineservice.Itshouldbe
clearlyrecognizedthattheintentwastodevelopgeneralprinciplesand
nottoevaluatethespecificconditionsof overheatingwhichcsmoccur
ina specificjetengine.Theinvestigationwasalsolimitedto the
effectson creep-ruptureproperties.Theoverheatconditionsdidnot
includetheeffectsofdifferentialrestrainedexpsmsion(thermalshock)
or thepossibleeffectsonsuchotherpropertiesasfatiguestrength
andcorrosionresistance.

Thisinvestigationwaacarriedoutby theEngineeringResearch
Instituteof theUniversityofMichiganunderthesponsorshipandtith
thefinancialassistanceoftheNACA.“Itwaspartofa generalresearch
investigationstudyingmetallurgicalfactorsinvolvedintheuseofheat-
resistantalloysinaircrsi?tpropulsionsystems.

PROCEDURE

Overheatingcan
ruptureHfe at some

be expectedtohavetwomaineffectson creep-
lowernominaltemperature: .

●
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(1)Changeof creep-ruptureMfe dueto theexposuretoa higher
temperaturechangingtheinternalstructureof themetal.Thiseffect
isdesignated“temperaturedsmage”in subsequentdiscussions.

(2)Accelerationof creepwhenthetemperatureis increasedinthe
presenceofstress,subsequentlyreferredtoas “stressdamage.”

In addition,thecyclicremovalandreapplicationof thestress
duringtheoverheatexperimentsin theabsenceof stresscouldalter
thecreep-rupturecharacteristics.Theinfluenceof overheatscould
alsobe e~ectedtovarydependingon thestresslevelandrupturetime
atthenominaltesttemperature.In considerationof thesefactors,
thefollowinggeneralexperimentalprogrsmwasestablished.

DeterminationofTemperatureDamageFromOverheating

inAbsenceof Stress

Thefollowingdatawereobtainedin thedeterminationof temperature
dsmagefromoverheatingin theabsenceof stress:

(1)!t’hebasicmeasurementwastheeffectonrupturetimeof continu-
ouscyclicoverheatsto1,630°,1,800°,1,900°,and2,000°F untilrupture
occurred.Fortestsundera 16,200-psistressat l,~” F (rupturein
1,210hours)theloadwasremovedandan overheatappliedtwicedaily.
Fortestsundera 22,N0-psistressat l,~” F (rupturein 94hours)
theoverheatswereappliedevery~ hours. —

(2)Theaccumulativedamageof overheatswasestablishedby stopping
theoverheatstitervsrioussmountsofthetotalruptureHe hadbeen
usedup. Thetestswerethenallowedtoproceedtoruptureat a constant
loadat l,~” F. Thisprocedureenabledthedevelopmentofcurvesof
percentofthenominallifeat l,~” F againsttheamountof overheating.

(3)me r~ationof theoccurrenceof overheatingtothedegreeto
whichcreephadproceededat1,.500°F wascheckedby delayingoverheats
untilthesecondstageofcreep.ThisprovidesinformationSEtowhether
thereisa differencetn thedamagefromoverheatsdependingonthedegree
ofpriorservice.

Aspsrtof thisprocedure,specimenswereoverheatedbeforestarting
therupturetestsat l,~” F. Thistypeof testwouldprimarilyindi-
catewhethersuchexperimentsprovidereliabledataregardingtheeffects
ofoverheatsduringsertice.
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(4)Testswerealsocarriedoutinwhichtheloadwasremovedand
reappliedasin theoverheatcycleswithoutchangingthetemperature.
Thesetestsprovidedataas tothepossibleinfluenceofcyclingthe
loadalone.

Inadditiontorupture-timechanges,datawerealsoobtainedfor
theinfluenceof theoverheatson elongationandonthecreepcharacter-
isticsintherupturetests.

OverheatinginPresenceof Stressto Establish

StressDsmage

Considerationofthecharacteristicsofstressandrupturetimeat
theoverheattemperaturesindicatedthatthetotalrupturetimestier
thebasicteststresseswouldbe asfollows:

Stress, Normalrupture Rupturetime,hr,atoverheat
timeat l,~” F, temperatureof -

psi h 1,650°F 1,800°F l,~” F 2,0CX3°F

12,Wo >1O,OOO 1~ 3.1 0.25 0.04
16,200 1,210 27 .65 .067 %
18,000 ylo 14 93 %
22,000 94 3.8 aAtT % 2

h, tensilestrength.

Thesedataimmediatelymakeit clearthatoverheatingto 1,800°F or
aboveunderthestressesusedforruptureatl,~” F in timeperiods
up to 1,000hourswoulduseup a verylsrgeproportionof theavailable
rupturelife. Inotherwords,thetimeunderstressattheoverheat
t&peraturewouldlargelygo?rernrupturelife. Forinstance,therupture
timeat l,gooOF under16,200psiisonly4minutes.One2-minuteover-
heatto 1,900°F underthisstresswoulduseuphaM?oftheavailable
rupturelife. Obtiously,16,m0psiisabo% theultimatetensile
strengthat,2,000°F and18,0@ and22,000psime aboveitatboth
1,900°and2,000°F.

Considerationof theprobleminvolvedledtoa restrictedtestpro-
grsmdesignedtodetermineifadditionofthetemperaturedsmagetogether
withthepercentageofruptureIJ.feusedupduringthetimeattheover-
heattemperaturecouldbe usedtopredictrupturetime. Inorderto
reducethetestingtimeasmuchaspossible,itwasdecidedtouse
18,OOOpsi,thestressat 1,~0°F causingrupturein ~0 hours.Any
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.
higherstresswouldhavesoshortenedthenormalrupturetimethatit
wouldbe difficulttodevelopsignificantdata.

.
A scheduleof overheatingtwiceeachdayfor2 minuteswasadopted.

Fortestswithan overheattemperatureof1,650°F, itwasdecidedto
leavethestressat 18,OOOpsianddeterminethenumberof overheatsto
causefracture.Evenifthetestlasted500hoursthetotaltimeat
1,650°Fwouldbe only84minutesin comparisonwiththetotalrupture
timeof14hoursat1,650°F foran 18,0cQ-psistress.

Foroverheatingat1,8000F,however,itwaanecessarytoreduce
thestressin order.torestrictthedamagefromcreepat 1,800°F toa
levelwherethetemperaturedamagewouldalsobe significant.Thepro-
cedureofreducingthestressto 12,~ psiduringoverheatswasadopted
usingthefollowingreasoning:

(a)Thetimeandstressat1,800°F wereselectedtouseup 30per-
centofthetotalrupturetimeat 1,800°F. Thisthenoughtto reduce
therupturetimeto 350hoursat l,~” F intheabsenceof anyother
effect.

g)b Therewouldbe 29 overheatsin 350hourswitha totaltimeat
1,800 F of 58minutes.

(c)me stresscausingrupturein 58/o.3 = 193minutesat 1,800°F
wss12,500psi. (SeetableI.) .

Thecurvesof stressagainstrupturetimefortestsat constantloads
andconstmttemperatureswerealdestablished.bytheusualpracticeof
bringingthespecimentotemperatureinthefurnace,adjustingthetemper-
ature,andthenloading.Thisinvolvedseveralhoursofheatingpriorto
loading.A fewtestswereruninwhichthetemperaturewasattainedby
resistanceheatingto seeif thisalteredtheshort-time,high-temperaturey
rupturecharacteristics.

MATERIAL

Thematerialforthisinvestigationwas7/8-inchbarstockfrom
commercialheatA6507madeby theUniversalCyclopsSteelCorp.amd
suppliedgratisby theThomsonLaboratoryoftheGeneralElectricCo.
Itssmalysiswasreportedtobe esfollows:
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Chemicalcomposition,weightpercent

c Mn Si Cr Ni co MO w m Fe

0.42 1.37 0.58 20.00 20.40 Balance3.93 3.57 3.5a 3.90

Initially,itwasfoundthatthestandszdheattreatment(1hourat
2,150°F thenwater-quenchedplus12hoursat l,kOOOF andair-cooled)
onthisstockproducednonuniformgrainsizeknownto causeunpredictably
variableruptureproperties.Toavoidthisdifficultyandtoprcduce
moreuniformmaterial,the7/8-inchbarstockwashot-rolledtol/2-inch
broken-corneredsquaresat theUniversityofMichigan.Therollingwas
donefrom2,150°F withonereheat.Thismaterialhadthefollowing
averagerupturestrengthsinpoxpsrisontithpublishedvaluesforthe
alloy:

!13Lmeforrupture, Strengthof Rangeof strengths
hr teststock, reported(ref.1),

psi psi

100 21,no 19,000tO26,000
1,000 16,500 15,000to22,000

“

.

“-

P’

EXPERIMENTALTK!~IQUES

Theconductofsuchaninvestigationrequiredthemodificationof
existingequipmentandtechniquestoincludetheflexibilitynecessary
forthemanyaspectsconsidered.

TestingEquipment

Thecreep-rupturetestingwascarriedouth conventionalbean-loaded
creep-ruptureunitsusingspecimenswitha 0.2~-inchdiameterandl-inch
gagelength.Eachssmplewasaccuratelyme=uredbeforetesting.Time-
elongationdataweretakenduringthetestsby theuseofa modified
Martens-typeopticalextensometerwitha sensitivityofkO.00001inch.
Theunitswereequippedwithautomaticallycontrolledresistancefurnaces.
Temperaturevariationsalongthegagelengthwereheldto+3°F. Foral-l
teststhefurnaceswereturnedonandallowedto cometo temperature
overnight.Thespecimenswerethenplacedin thehotfurnace,brought e
ontemperature,andloadedina maximumof4 hours.

c
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Foroverheattests,theconventionalunitsweremdifiedtopermit
resistanceheatingofthespecimensby passingheavydirectcurrent
throughthessmple.A 400-empere,direct-currentgeneratorwasusedas
a powersupply.b orderto avoiddisturbingthespecimenduringthe
test,insulatedterminalblockswerefastenedtotheframeof theunit
levelwiththetopandbottomofthefurnace.3Yomtheseterminalsshort
leadswerefastenedtothetopandbottomspecimenholdersbeforethe
testwasstated. Then,foroverheating,itwasnecessaryto attachthe
powersupplyleadsto onlytheterminalblocks,completingthecircuit
to a generatorfieldswitch.Tnetopspecimenholderwasinsulatdfrom
thefrae by meansofa !J&snsiteinsert.Thewholecircuitwasgrounded
eitherthroughthebeamorthroughanattachedgroundwire. A photograph
of a unitisshownasfigure1.

Inordertofollowthetemperatureaccuratelyduringan overheat,a
weldingtechnique(ref.2)wasemployedusingChromel-Alumelthermocouples
endan electronicIndicatingpotentiometer.A schematicsketchof this
arrangementis shownasfigure2. A problemstemmedfromtwofactors.
In ordertofollowtherapidlychangingtemperaturesduringen overheat
cycleandeffectaccuratecontrol,thethermocouplewireshadtobewelded
to thessmple.Thiswasdonewitha percussion-typewelder.Thewelded
attachmentmaintainedthethermocouplebeadin contactwiththespecimen
asreductionin crosssectionoccurredby creepduringthetests.In
weldingthethermocouplewiresonthespecimen,however,anyminuteerror
inpositioningeitherwirecausedthedirectcurrentfromthegenerator
toimpressanelectromotiveforceonthethermocouplecircuit.This
electromotiveforcevariedwiththemagnitudeoftheplacementerrorand
appesredon thetemperatureindicatoras a temperatureeffect.Toavoid
this,twoAlumelwireswereemployed,onedeliberatelyplacedoneither
sideof thesingleChromelwire. By connectingthesetwoAlumelwires
to theextremesof a variableresistance,thevariabletapcouldbe
adjustedsothatthetwoelectromotiveforcesobtainedcencelledeach
other,leavingonlythethermalelectromotiveforceimpressedontie
indicator.

Checksweremadeoftheoriginalcalibrationandthemaintenanceof
calibratdonof thethermocouples.Thesystemusedgaveaccuratetenrpera-
turemeasurementsas installed.The“cyclicoverheatsdidnotchmge the
calibration.by anymorethan1°F atsnyof thetemperatures.

overheatingProcedures

Thisinvestigationincludedthreetypesof overheats:Overheats
beforetesting,overheatsintheabsenceofstress,andoverheatsinthe
presenceof stress.Eachtyperequireda differentprocedureInvolving
theequipmentdescribedabove.
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Overheatsbeforetesting.-Overheatingbeforetestingwasdonein
twowws dependingonthedurationandtemperatureofoverheating.The
proceduresusedwereasfollows:

(1)Testsofspecimensoverheatedto 1,6000F forlongtimeperiods
wereloadedinthecreepfurnaceexactlyaafora creep-rupturetest.
Afterbeingbroughtontemperatureatl,~” F, thefurnacetemperature
wasraisedrapidlyto1,6000F,heldforthedesiredtimeperiod,and
thencooledto 1,~0°F. Theloadwasthenappliedandthetestrunto
rupture.

(2)Samplesoverheatedto1,6000F forshortthe periodssadall
ssmplesoverheatedto1,800°and2,0000 F beforetestingwereprepard
inthefollowingmsmner.A thermocouplewasattachedtoeachsample.
A heat-treatingfurnacewasbroughtontemperatureandheldto assure
equilibrium.Thesampleswerethenpl.aced.inthefurnace@ thetime
countedfromthepointatwhichthetemperatureindicatedby theattached
thermocouplereached10°F belowtheequilibriumfurnacetemperature.
Followingcompleticmofthedesiredttmeattemperature,thespecimens 2

wereremovedfromthefurnacesudair-cooled.Theywerethensetup and
thetestrunas a standsrdcreep-rupturetest. a

Overheatsinabsenceofstress.-Alloverheatingdoneintheabsence
ofstresswasofa CYCUCnaturewherethedescribedcyclewasrepeated
a predeterminednuuiberoftimes.Fortheseteststhespecimenswerepre-
paredwitha thermoco.~leweldedatthecenterasdescribedpreviously
andu additionalthermocouplemechanicallyattachedat eachendofthe
reducedsectionforchecksontemperaturedistributionalongthegage
length.Theywereplacedinthecreepfurnaceandstartedexactlyasin
a normalcreep-rupturetestexceptthattheshortpowerleadswereattached
tothespecimenholdersbeforestressing.Then,titerthecompletionof
thedesiredtimeperiodbeforethefirstoverheat,thefoldachgprocedure
wasfollowedinperforminganoverheat:

(1)Thetemperaturewascheckedandsm elongationreadingwasmade.
At thistime,thepowerleadsfromthegeneratorwereattachedtotheunit
sndtheweldedthermoco~lewasconnectedtotheindicatingpotentiometer.

—

(2)The.loadwasremoved.

(3)Aftera 60-secotitimelapseduringwhichthefurnaceinput
cutbackandthethermocouplecircuitchecked,theheatingcyclewas
initiatedby appl@ngthemsximumgeneratoroutputof400smperesto

was

the
specimen.Whenthedesiredoverheattemperaturewasattainedthegenerator
outputwascutbacktoa valuejustsufficienttomaintaintemperature.

&

b
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(4)At theendoftheestablishedcycledurationthepowersupply
wascutoffandthespecimenallowedto cml. ‘Noforcedcoolingwas
employedotherthanthatsuppliedby havingallowedthefurnacetempera-
turetofallbelow1,500°F whentheinputwasreducedin step(3).

(5)Theloadwasreappliedwhenthetemperaturereached1,510°F6
sincethistimewasmorenearlyconstantthanthetimetoreach1,500 F,
andthefurnaceinputwasmanipulatedtobringthetemp=atureonat
1,500°F as soonaspossible.

(6)Whentemperatureequilibriumwasreestablishedat 1;500°F,
elongationmeasurementsweretakenagainandthetestcontinuedto the
nextcycle.b plottingthetime-elongationdata,thisreadingafter
reapplicationoftheloadwasass- tobe at thesametotal.deforma-
tionasthereadingtakenjustpriortoremovaloftheloadat the
beginningofthecycle.

(7)‘&Picdtime-temperaturechangesforoverheatsof2 minutesto
eachofthetemperaturesusedsreshowninfigure3.

Overheatsinpresenceof stress.-Witha fewexceptionsin technique,
testsofspecimensoverheatedin thepresenceof stresswereperformed
exactlyasweretheoneswherestresswasabsentduringoverheats.The
onlydifferencewastheomissionof thestepsinvolvingremovalandreap-
plicationoftheload.Deformationmeasurementsweremadebeforeeach
cycleandagainafterequilibriumwasreestabHshedat 1,500°F tomeasure
thedeformationwhichoccurredduringeachoverheatcycle.

MetallurgicalStudies

Thechieftoolusedin evaluatingthecauseof theobservedeffects
ofoverheatingwasmicrostructuralexaminationofthetestssmples.
Longitudinalsectionsofthefractureds~cimenswerecutfromthegage
lengthat thefracture.Theseweremountedendmechanicallypolished
aftergrindingthecutsurfacestoremoveanycold-workleftby thecutoff
operation.Thepolishedsurfacewaathenetchedby immersionforabout
10secondsin a mixturecontaining92percenthydrochloricacid,5 per-
centsulfuricacid,and3 percentnitricacid. Photomicrographswere
takenatmagnificationsof100snd1,000toshowboththegeneraloverall
structuresmdthedetailsof theprecipitatespresentin eachsample.
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RESULTSANDDISCUSSION .

Thetestresultsdefinitelyshowthatfors-816alloyat l,~” F
thereis a reductioninrupturelifedueto overheat-temperatureeffects
aswellasa lossinlifeduetothepresenceof stressduringoverheating.

.

RupturePropertiesof !&t Material —

All.evaluationsofoverheateffectshadtobebasedon changesin
rupturetime. me basicrupture-timedatafortestswithoutoverheats
sregivenintableI sndshownascurvesofstressagainstrupturetime
by figuresh and5. Theobjectiveofthesetestswasto establishrup-
turetimesforthevariousstressesusedintheinvestigation.

A numberoftestswascarriedoutat1,~0° F to obtainanindica-
tionofthechangesinrupturetimes”whichwouldbesignificant.me
rangeinrupturetimes(fig.7)wasfrom75to115percentoftheaverage 2

rupture~fe at either22,OOOor 16,200psi. Thus,fora measuredchange
inrupturelifefromoverheatingtobe significant,ithastobe atleast 9
morethanthisrsnge.

Therewasalsoneedtoknowtherupturetimeunderthestressesof
interestat theoverheattemperatures.Thetestsconductedgavethe
resultsshownby tableI andfigure4. Themainuseofthesedatawas
to establishtherelationofthetimeunderstressat theoverheattem-
peraturetothetimeforruptureforthestress.In general,thescatter
in therupturetimesatthesehighertemperatureswasnotwellestablished.

Theoriginalintentwasto carryouttestsinwhichallstresswas
removedduringtheoverheatcycle,usingstressesat 1,500°T which
normalJycauserupturein100and1,000hours.Thestressesactually
used,22,000and16,200psi,wereselectedbeforetherangeinproperties
wasavailable.Consequently,theaveragerupturetimesturnedouttobe
slightlydifferentfrom100and1,000hours.

OverheatinginAbsenceof Stress

Overheatswereconductedintheabsenceofstressto1,650°,1,800°,
1,900°,and2,000°F. Stressesofboth16,200(stressforrupturein
l,ZLOhours)and22,000psi(stressforrupturein $#+hours)wereused
at 1,~0° F. Inmostof-thetests,theloadwasremovedandthespecimens
overheatedfor2 minutes,cooledbackto 1,5000 F, andrelotiedevery
12hoursforthetestsunder16,200psi. Forthe22,0~-psitests,the
overheatswereappliedevery5 hours.Testswerealsocarriedoutfor

n
—.
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materialoverheatedbeforetesting.Loadcyclingwithouttemperature
changeatl,~” F wasalsostudiedtolearnhowmucheffecttheremoval
andreapplicationofthelosdhadonrupturetime.

Inadditiontothechangesinrupturetimedueto overheating,hfor-
mationwasobtainedonitseffecton elongationin therupturetests,
effecton creepcurves,andeffecionthetimetoreacha giventotal
deformation.

Effectonrupturelifeat 1,~0° F ofoverheatingin absenceof
stress.-Thedata(tableIIandfigs.6 to 8)clearlyshowthatwhenthe
stressisremovedfromtheS-816alloyduringa rupturetestat l,~” F
andthespecimenisbrieflyheatedtohighertemperatures,cooledbackto
1,~0°F, andrestressedthereisreductioninrupturelifeat ljxOO F
in comparisonwiththatobtainedintheusualtestat constantloadand
constanttemperature.Thedegreetowhichrupturelifewasreducedwas
a functionoftheconditionsunderwhichtheoverheatingoccurred:

(1)Forspecimenswhichwereoverheatedperiodicallyduringthe
entiretest(fig.6),thedegreeofreductionof timeforrupture
increasedas theoverheattemperaturewasincreased.Overheatingto
1,6500F hadlittleeffecton therupturethe, whileoverheatingto
1,800°andl,9C0°F causedsignificantreductions.Overheatingto 2,000°F
resultedin themostseveredamage,therupturetimesbeingreducedto 288
from1,210hoursfora stressof16,200psiandto25 from94 hoursfor
a stressof22,000psi. !Medatasuggestthattheoverheatingmayalso
increasetheslopeofthecurvesof stressagainstrupturetimesomewhat.

Onewaytoappreciatethemagnitudeoftheeffectof overheatingis
toconsiderthechsngeinrupturestrengthsindicatedby thecyclically
overheatedtestsoffigure6. Continuouscyclingtofailureusingthe
twoschedulesat the22,000-and16,200-psistressesgivesthefollowing
values:

Overheat Stressforrupture,psi,at 1,~0° F in -
temperature,

F 100hr 1,000hr

I?one a,go 16,~0
I,650 21,~ 16,000
1,800 20,800 14,800
1,~ 20,000 13,800
2,000 18,300 13,800
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Thesefiguresrepresentthemaximumeffectsobserved.Lessersmountsof h

overheatingreducedthestrengthless.Considerationoftheserupture
strengthsisperhapsmorerealisticthanconsiderationofrupturetimes
whicharesubjecttomuchwidervariations.

*
Itshouldalsobe recognized

thatthefrequencyofoverheatingcouldinfluencetheresultsandthe
abovevaluessreforthespecificconditionsusedin thetests.

(2)Forsnyonetemperatureofoverheating,thepercentofdamage
fora givenamountofoverheatingappearedtobe greaterfortestsrun
at 16,200psitha forthoserunat22,000psi(fig.7). Whilethedif-
ferencein cyclefrequencymayhavebeena-factor,thedataobtainedwere
notsufficientlyextensiveto substantiateit.

(3)At eachoverheattemperature,thedegreeofreductioninLLfe
increasedas theoverheatcycllngwascontinuedforanincreasingper-
centageof thetotallJ.feat l,~” F (fig.8). Theintermediatepoints
representtestsinwhichoverheatingwasstoppedattheindicatedaccumu-
latedoverheattimeandthetestallowedto continuetoruptureat con- *
stantloadandtemperaturewithoutinterruption.Thetestconditicmsfor
thisgenerali@shouldbe keptinmindsincethescheduleofoverheatsin
relationtotheprogressoftherupturetestmayinfluencetheresults. i?
Therefore,itshouldbeclesrlyrecognizedthatthecurvesoffi~e 8
onwhichthisgeneralityisbasedarefortestsinwhichthe5-or12-hour
cyclesofoverheatwereappliedfromthestsrtofthetests.Also,as
figure3 shows,theaccumulatedtimeat overheattemperaturealsoincludes
anyeffectsduetobeingexposedto temperaturesabove1,5000 F during
heatingandcooling.

(4)Figure8 alsoindicatesthattherewasdefinitetendency,par-
titularlyforthetestsrunwitha stressof16,200psi(rupturetimeof
1,210hoursat l,m 0 F),fora saturationpointforno furtherdamage
fromadditionaloverheatingto etist.‘Ihatis,thereisforeachtemper-
aturesomeamountofaccumulatedoverheattimetwhichcaused-mum reduc-
tionofrupturetimeandoverheatingmorethsnthisamountdidnotresult
inmy furtherdam e.

%
Theoneexceptiontothisgeneralitywastests

overheatedto1,900F,whereno saturationeffectwasobservedat either
stress.

(5)Thelossinlifeforthefirstfewoverheatsincreasedmsrkedly
(fig.8)astheoverheattemperaturewasincreasedto 1,900°smd2,OCK1°F.
A limitednumberofoverheatsat1,650°andl,w” F w haveticreased
lifeslightlyandcertainlywasnotsignificantlyharmful.Twooverheats
of 2-minutedurationaffectedtherupturetimeat1,500°F for16,200-psi
stressasfollows:

*

b
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Overheat Rupturetimeat
temperature, 1,~“ F,

OF hr

None %,ao
1,650 1,330
1,800 1,210
1,900 850
2,000 360

%rmal”rupturetest.

(6)Theeffectof overheatingatvariouspointsin therupturelife
at 1,~“ F isnotwellestablishedby thedata. Overheatingfora total
of 5 cyclesof2 minutesto l,&lOOF withthefirstcycledelayeduntil
160hourshadelapsedat l,~” F under16,200psigaveslightlygreater
dsmagethanis indicatedby thecurvefortestsoverheatedat thestart
(figs.7(b)and8). l%edatawe scmewhatincompleteat shortoverheat
timestal,&lOOF sndthismaynotbe trulysignificant.Delayingthe
startof overheatingto 1,9000F forthesameamountoftimeapparently
resultedintheoppositeeffect.Thatis,thetestlastedlongerthm
materialoverheatedthesanemount fromthestart(figs.7(c)and8).
Thisagainwasnotsi~ficantlyfarfromthecurvedrawnthroughthe
dataforoverheatingcontinuouslyfromthebeginningofthetest.

(7)me dataobtainedon~tirialpreh=tedto theoverheattempera-
tureandthenrupture-testedina normalfashionare~esentedinfig-
ures9 and10 togetherwithsomedataonworkofthistypefromother
laboratories.In orderto consideralJof thesedataona comonbasis,
calculationsweremadeofthepercentofnormalrupturetimedbtained
foreachofthepreheatconditions.Allofthedatathencouldbe
plottedona comparativebasis.‘Ibismaybe scmewhatquestionable,how-
ever,sincethecurveshavebeendrawnforpercentageof lLfechanges
regardlessoftestingstresseswhichvariedfrom16,200psiforthe
UniversityofMichiganteststothe25,000psiusedby GeneralElectric
Co.andAlleghenyIudlumSteelCorp. It shouldalsobe notedthatthe
curvefor1,6x0F preheatingshowninfigure10representsan interpola-
tioninfigure9 betweendataat 1,600°~d 1,803°F, sinceonlylimited
datawereavailableatthistemperature.Thesetwofiguresindicatethe
follmblg:

(a)Overheatingpriorto testingshowedanincreaseinrupture
lifewhentheoverheattemperaturewasl,@O or 1,6~0F. This
suggeststhattheincreasein lifepreviouslyindicatedfora MmLted
nuuiberofoverheatsto 1,6500F duringrupture-testingwasrealand
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notdatascatter.Itwillbe notedthatthepreheattestsat
1,6000F showthattheamountofincreaseinlifefromheatingto
l,@OOF diminishedwtthincreasedtimeofheating.Furthermore,
comparisonofthecurvesforoverheatsto1,650°F infigures8
and10showsremarkableagreement,indicatingthatforoverheating
tothist+eraturetheeffectisthesamewhetherappliedbefore
testingorduringthetest.

.

●

(b)Fortemperaturesof1,800°F andhigher,thereisno ques-
tionthatpreheatingdoesnotgivethesameeffectas overheating
duringthetest. Comparisonoffigures8end10showsthatcycling
to thesetemperaturesduringthetestresultsinmoreseveredamse.

8Theonlypossibleexceptiontothiswouldbe shorttimesatl,&)OF. —

(8)Inalloftheaboveteststheloadwascycledaswellasthe
temperature,introducingthepossibilitythatloadcyclingaloneappre-
ciablyinfluencedresults.Toinvestigatethis,a testwasrunat each
ofthetwostressesduringwhichtheloadwascycledwiththesamefre- /
quencyas intheoverheattests,butthetemperaturewaskeptconstant
at1,500°F. TheresultsofthesetestsaregivenintableIIandplotted
infigure8.ApparentlyMfe wasreducedunderthelowerstressand u
increasedunderthehigherstress.EothpointsMe jut outsidetherange
ofvaluesforordinaryrupturetests.It seemsbesttoconcludethatload
cyclingdoeshavean effectbutthatitisrelativelysmallin co~~ison
withoverheateffectswhentheoverheattemperaturesare1,8000to 2,000°F.

Thedifferenceinresponseto overheatingat thetwostressesmaybe
partlytheresultofthisload-cyclingphenomenon.Thetestsat22,K)0psi
showedlessdamagepercentagewisefora givenamountof overheatingthan
thoseat 16,200psi. By comparison,thetestwithloadcyclingat22,000
showedimprovementin strengthwhilethatat16,200showeddsmage.The
twoeffectsseemedtobe justlargeenoughtosuggestthatbothweresign-
ificant. Calculationsofthepercentagelossin lifefromoverheating
werecarriedoutusingtherupturetimestidicatedby thecyclic-load
testsinsteadofthenominalrupturetimesinconstant-loadtests.This
didnotbringtheresultsanyclosertogetherfortestsat 16,200-and
22,00&psistress.Consequently,Itwasconcludedthatload-cycling
effectswerenotresponsibleforthelackofagreementona percentage
basisfortemperaturedamageat thetwostresslevels.

EYfecton elongation.-Measurementsoftotalelongationatfracture
areincludedintherespectivetablesforeachtypeofoverheating.l?Lg-
uresn(a) andn(b) showthesedatafortestsat 16,2Q0and22,M10psi,
respectively.Thefollowinggeneralitiesareindicatedbyfiguren(a)
fortestsunder16,200psi:

$)1 Thetestsofspecimenscyclicallyoverheatedtotemperaturesfrom
/

1,650to 2,000°F indicatedthefollowingtrends:
.
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(a)Overheatinglittd.tedtimesto1,8000,1,900°,and210~0 F
reducedelongationintherupturetestsat 1,500°F. Theeffect
increasedwithoverheattemperature.Apparently,overheatingto
1,650°F hadMttle effect.

(b)Increasingthenunherof overheatsat thehighertempera-
turesresultedin anincreasein elongationbacktowardthenominal
steady-temperaturerupture-testvalues.Italmostappearsaa if
saturation-inrupture~time

(c)Delayedoverheats
reducedductilitybutina

dsmageresultsinnormalductility.

andsimpleloadcyclingat l,~” F also
somewhaterraticmanner.

(2)PreheatingbeforetestingdidnotreduceductiMtyasmuchas
didcyclicoverheatingand,insomecases,increasedtheductilityover
thatofa normaltest. Thetestsat 1,600°F fortheshortertimeperiods
didindicatea possibleslightreduction.

Thedatafortestsunder22,0CQpsi(fig.n(l)),althoughrather
sparse,indicatethat,witihthepossibleexcepticmof overheatingto
1,650°F, overheatingresultedina decreaseinductilityforaLLthe
temperaturesconsidered.Thisdecreasewasgreaterthelongerthetime
ofoverheating.!lWmefore,theeffectsofoverheatingonductilityat
l,~” F seemtovarydependingonthestresslevelat l,xOOF orpos-
siblythefrequencyofoverheating.

Effecton creepcurvesof overheating inabsenceof stress.-Creep
dataweretakenforalltests.Thetime-elongationplotsofthesedata
arepresentedinfigylres12and13. Infigure12 everypointplotted
fortheoverheattestsrepresentsan overheat.Infigure13thepoints
indicatingoverheatssreplottedonlyduringtheHmitedperiodsthat
overheatingwasinvolvedin thetest.Pointsnotedas standardcreep
readingsareroutinemeasurementstakenaf%eroverheatinghadbeendis-
continuedorbeforeoverheatingwasbegun.Alsoincludedinthesefig-
uresisthecurveforno overheatsandthatforoverheatingtofailure.
!?romconsiderationofthesefiguresthefollowinggeneralitiescsmbe
made:

(1)Forcyclicoverheatingcontinuouslytofailurefromthebeginning
ofthetest(fig.12),creepwasacceleratedwiththedegreeofaccelera-
tionincreasingastheoverheattemperatureincreasedfrom1,650°to
2,CK)0°F. Thisgenera~tywasinfluencedbythe1,500°F stresslevelin
thefoldawingway:

(a)Ata stressof16,200psi,overheatingapparentlyincreased
creepfromthestartofthetests(fig.1.2(a)).
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(b)Whenthestressatl,xOOF was22,000psi,itappeared
asiflittle.effectoccurreduntilconsiderableoverheatinghad
accumulated(fig.12(b)),exceptwhentheoverheattemperaturewas
2,000°F. At thistemperature,thecreepcurveshowedfastercreep
fromthefirstoverheat.

(2)Theeffectsoflimitedsmountsof overheating(fig.13)arecon-
siderablymoredifficulttogeneralize.Thisarisesfromthecomplexity
ofthesituationaswellasfromthescarcityofdata. Thefollowing
statementsaremadeonfhebasisoftestsoverheatedfromthestartof
thetests:

(a)Stoppingoverheatsbeforeruptureneverresultedinan
increaseinrateof creepoverthatof,’continuingoverheatsto
fracture.

1

—
.

—

(b)If theaccumulatedoverheattimebeforestoppingtheover-
heatingwassufficientformaximumdsmagetorupturestrength,the
rateof creepafterwardswasessentiallythesameas ifoverheats <
werecontinuedtorupt~e.

(c)Iftheaccumulatedoverheattimewasnotsufficientto
d

reacha maximumreductioninrupturestrength,creepratesdecreased
aftertheoverheatsbelowthosecharacteristicof continuedover-

--

heating.Therates,however,alwayswerehigherthanfortestswith
no overheatsatan equivalenttotaldeformation.Fromthisit
appearsthatlimitingoverheatsaccordingtothescheduleofthe
experimentscanbe expectedto increasecreepafteroverheatin
proportiontothedegreeofdamagefromoverheathg.

—

(3)DelayingthestartofoverheatingaswelJas Mmitingthenumber
of overheatsintroducesa farmorecamplexsituation.Thiscouldbe
expectedto leadtothefollowingsequenceof events:

(a)Creepwillproceedtothepointofoverheatingas indicated
by normalconstant-temperaturetests.

(b)@ring theoverheating,creepacceleratestoapproximately
thesamerateasincontinuouslyoverheatedtestsatthessmetotal
deformation.This,however,isbasedohonlytwotests,bothat
the16,200-psistresslevel(figs.13(c)snd13(e)).

(c)Thecreepratesremainedhigherafterstoppingtheoverheats
thanforthetestswithoutoverheatsbutwerelowerthenforcon-
tinuouslyoverheatedmaterial.As fsras couldbe judged,the
effectsweresimilarinmagnitudetoanequivalentamountofover-
heatfromthestartofthetests.
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Thetestwithoneoverheatof ~-minutedurationat 1,800°F after
priorcreepfor315hours(fig.13(c))fairlywellagreeswiththeabove
generalization.Theexactmagnitudeoftheeffectappesm,however,to
havebeenexaggeratedby anabnormallyweakspecimenforthetest,as
canbe seenby comparingthecreepcurvepriorto overheatingwiththat
forthenormalrupturetest.

(4)Heatingbeforestartingthetestshadthesametypesof effects
aswerenotedinthetestsforrupturetimes.RLgure14 showsthesedata
andindicatesthefollowingresults:

the

but
the

(!5)
creepat

(a)Heatingat 1,603°F increasedcreepresistanceexceptfor
longestthe ofpreheating.

(b)Heatingat 1,80@and2,0000F reducedcreepresistance
notasmuchasan equivalentamountofcyclicheatingduring
tests.

CycLLngtheloadat 1 5U0°Fdidnot si-ficantlyalterthe
22,000pSi(fig.12(bf). At 16,200psi,however,thereappeared

tobe a sli~tbutsignificantincreaseincreeprateasa resultof load
cycling(fig.12(a)).

E?fecton timetoreacha giventotaldeformationof overheatingin
absenceofstresso-Figures15and16presentvsriousplotsoftimesto
reachgivenvaluesoftotaldeformationtakenfromthecreepcurvesof
figures12(a),13(a),13(c),13(e),and13(g):

(1)F%gure15 showsthetimetoreacha givenamountoftotaldefor-
mationasa functionof theoverheattemperaturefortestswhichwere
cycledin theabsenceofstresseveryI-2hoursuntilfailureoccurredat
1,500°F d 16,200PSi. Thecreepcurvesfromwhichthesepointswere
takenaxeinfigure12(a).Thefollowingpointsmaybe notedfrom
figure15:

(a)As theoverheattemperatureincreased,thetimetoreach
anyoftheindicateddeformationsbecsmeless. Thisdecreasein
timewasquiteuniformonthelogarithmictimescale.Thatis,the
curvesfordifferentamountsof deformationremainAroughlyparallel
overtheentiretemperaturerange.

(b)In termsofactualtimeincrements,thisreductionintime
representsa rath= severeeffect.Forexample,thetimeto reach
l-percentstraininthenormalrupturetestwas40hours.Forthe
testoverheatedto 2,000°F, thistimewasI-2hours,a decreaseof
60percent.Proportionalreductimscanbe observedforlowerover-
heattemperaturesanddifferentvaluesofdeformation.
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(2)Figure16 showstheeffectofincreasingamountsofoverheating -
onthetimerequiredtoreacha giventotaldeformation.Thesecurves
shuwforlimitedoverheatingfromthestartofthetestthatas thenum-
berof overheatsis increasedthetimetoreacha givendeformationis’ .
reduced.Themaximumreductioninthistime,tier thefixedoverheating
scheduleemployed,wasreachedwhenoverheatingwascontinueduntilthe
totaldeformationofinterestwasreached.As a resultofthisfixed
schedule,themaximumchangeinthetimerequiredtoreacha givendefor-
mationwasfixedby thenumberofoverheatsthatwaspossiblebeforethis
deformationwasattained.As theamountoftotaldeformationconsidered
increased,therewastimeformoreoverheatsand,therefore,opportunity
fora moreseveredecreaseinthetimerequiredtoreachthisdefoqmshion.
Thestraightld.nesketchedin oneachplotatwhichthecurvesterminate
is thusmerelya plotofthemsximumnumberofoverheatswhichcouldbe
accumulatedatany

Thefollowing
structionofthese

(a)Data

timeundertheschedulewhichwasused.

additionalpointsshouldbe notedregardingthecon-
figures: w

forthesefiguresweretakenfromthecreepcurvesof
figures13(a),13(c),13(e},and13(g)andthusarespec~fical.ly w
indicativeonlyofresultsobtainedusingthecyclesemployedfor
thesetests,thatis,oneoverheatevery12hoursfromthestart
ofthetestintheabsenceofstresswiththestressatl,~O”F
being16,200psi.

(b)Formanyconditionsdatawerenotavailable.In these
cases,thebestcurvepossiblewassketchedthroughtheexisting
points,takingaccountof itsrelationto theotherexistingcurves
aroundit.

OverheatinginPresenceof Stress

ThepurposeoftheportionoftheoveraUprogramdevotedto over-
heatingin thepresenceofstresswastodeterminethewayinwhichthe
effectof stresscombineswiththetemperatureeffectsasdiscussedin
theprecedingsectiontoproducea givenfinaltestresult.Thedata
forthesetestsaregivenintableIV. Creepcurvesforthetestsare
showninfigures17and18.

Theamountof testingwhereoverheatswereconductedin thepresence
ofstresswasratherMmited. ‘Thegeneralapproachwastodetermineif
thecalculatedamountofrupturelifeus@ upby creepplusthelossby
temperaturedamagewouldaccountfortheobservedrupturetimes.Proof
ordisproofofthispossibilimby a fewtestswasthoughttobe the
bestwaytodevelopgeneralprinciplesfromtherelativelyfewtests

*

possiblewithinthelimitationsoftheprogram.
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Principleof calculation.- Inanalyzingthedataobtainedfromthese
tests,thefollowinggeneralformulawaspostulatedandapplied:

to = tn
- (%+%3)

where

to timeforruptureinoverheattest

tn normaltimeforruptureunderstressusedat 1,500°F

d-t reductioninrupturetimeresultingfromtemperaturedamage
durtigoverheat

ds reductioninrupturetimeresultingfrcmpresenceof stressat
overheattemperature

u
Thesefactorswereevaluatedasfollows:

d (1)TheI.ife lostduetotemperaturecyc~ng ~ wasestimatedfrom
themeasuredeffectsof cyclicoverheatingin theabsenceof stress
accumulatedin theprevioussection.Becausetheoverheatsunderstress
wereconductedat l,- F undera stressof 18,OOOpsi(averagerupture
time,500hours),itwasnecessaryto estimatethedamageeffectfrom
theavailabledataontestsconductedat 22,000and16,200psi. This
wasdoneby averagingthepercentagereductionin Mfe by cyclingat
bothstresses.

(2)ThepercentoflLfeused~ understressat theoverheattemper-
ature ds wascalculatedby dividingthetotaltimeunderstressat the
overheattemperatureby thenormalrupturetimeunderthestiessat the
overheattemperature.Thetotaltimeunderstresswasobtainedby sting
thenumberof2-minuteoverheatsapplied.

Resultsforoverheatingto 1,6x0 F.-Onetestwasconductedwith
overheatsto1,650°F holdingthestressconstantat 18,000psiatboth
l,~” and1,6500F. Therupturetimewas348hoursandthetotal.number
of overheatswas27. Thedamgewascomputedasfollows:

(1)Computationoftemperaturedamage:Considerationofthecuves
of lossinrupturelifeagainstaccumulatedtimeof overheatingto
1,650°F (fig.8)indicatesthatno significantlosswouldbe expected
from54minutesat 1,650°F.
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(2)
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Computationof stressdamage:

(a)Onetestat1,6~0F and18,OOOpsigavea normalrupture
timeof 852minutes(14.2hours).

(b)Therewere272-minuteoverheatsbeforerupturewhichisa
totaltimeof ~ minutesat 1,650°F under18,000psi.

$c)~/852= 6.4percentofthetotalruptureMfe usedup at
1,650F by creep.

(3)Therangesinrupturetimesat1,W“ F under18,0cKIpsiindi-
catedby figure5 fornormalrupturetests,lessa lossby stressdamage
of6.4percentforthetimeat1,6x0F,wereasfollows:

! AverageMLrd.mumMsximunl

i?ormalrupturetime,hr.. . . . . . . . . 495 360 570
Reducedby6.4percent,hr . . . . . . . . 463 337 534

●

IRupturetimeofoverheattest,hr....... . . . . . . . . . 348I

Thecreepcurves(fig.17)showhowtheshortoverheatsat1,6x0F add
substantialamountsofcreepandcausethecreepcurvetodeviatefrom
theconstant-temperaturecreepcurveatl,~” F.

Resultsforoverheatingto1,800°F.-Threetestswereconducted
withoverheatsto l,8Q0°F withstresspresent..In onetestthestress
wasleftat18,000psiandoneoverheatapplied.Therupturetimewas
347hours.Theccmputeddamagewasasfollows:

(1)Temperaturedamage:Twominutesat 1,8000F apparentlyhadno
significanteffectonrupturelifeas judgedfromfigure8.

(2)Computationofstressdemage:“

(a)Fourrupturetestsat18,OOOpsiand1,~0°F gaverupture
timesrangingfrom10to 23minutes.Thetwoextremesweretests
heatedby resistanceasintheoverheattests.Twotestsbrought
toa uniformtemperatureof1,800°F ina furnacesndthenloaded
asina normalrupturetestbothhadrupturetimesof18minutes
(tableI andfig.4).

.

.

*

L’
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Thisindicatesthattheusualstress-rupturetestat1,800°F
doesnotgivevaluesseriouslydifferentfromtheconditionsof the
overheattestandthattherupturetimeof18minutescouldbe used
forcomputingstressdamage.

(b)Stressdsmageforoneoverheatof2 minutesis
2/18= 11.1percentofthetotalavailablerupturelifeusedup
at 1,800°F.

(3) ComputationofexpectedMf e:

AverageMinimumMsximum

Normalrupturetimeat1,~00 F,hr . . . . 495 360 ~o
Reducedby 11.1percent,hr . . . . . . . . 440 319 506

Rupturetimeof overheattest,hr . . . . . . . . . . . . . ..347

Twotests,inwhichthestresswasreducedto 12,’jOOpsiduringthe
overheatcyclesto1,800°F, gaverupturetimesof1% snd187hours.
Thecomputationofthedsmagesyieldsas follows:

(1)Computationof temperaturedamage:Oneof thetwotestshsted
for14 cycles,theother,13. Thisgivesan averagetimeat 1,800°F
of 27minutes.Considerationoffigure8 indicatesa lifeleftafter
27minutesofheatingofapproximately60percentof thenormallife.
Thisindicatesthatthedamagedueto temperaturecyclingwasabout
40 percentof theavailablelife.

(2)Computationof stressdamage:Testingina normalrupturetest
at 12,~ psiandl,&lOOF gaverupturetimesrangingfrom2.7to 3.3hours
whichaveragedto 3.05hours(seetable1). Thisindicatesa dsmagefrom
27minutesof27/60/3.05or about15percentoftheavailablerupturelife.

(3)Computationof expectedlife:“Thetotaldsmageas calculated
thenis40 + 15percentor 55percent,whichshouldresultina rupture
time45percentofnormal.Thevaluesobtainedwere:

Average

Normalrupturelifeat 1,500°F,hr . . . . 495 360 570
Reducedby55percent,hr . . . . . . . . . 223 162 256

Actualrupturetime,hr . . . . . . . . . . . . . . . . 187ad lx
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Thecreepcurvesforallthreeofthesetestsoverheatedto 1,800°F
underloadappearinfigure18.

●

Thetestsrunwiththestressreduced
duringtheoverheatshowcurvesingoodagreementwitheachother.The
creepratesbetweenoverheatsareacceleratedoverthatobtainedfora .
constsnt-temperaturetest,aswouldbe expectedfromthecombinedeffects
ofthetemperatureandstressonthecreepproperties.Thetestgiven
a singleoverheattol,&MOF withfullloadalsoshowsevidencethat
subsequentcreepwasacceleratedby thestressdamageduringtheoverheat.

smmari.zedresultsofoverheatsunderstress.-Theactualvalues
forrupturewithoverheatsunderstressareallwithintheprobablerange
ofcomputedvaluesalthoughonthelowsidein everycase. ~S could
be a matterofchanceoritcouldindicatethattheactualdamageismore
thsmwasindicatedby thetwoprinciplesusedin computingtherupture
times.Itseemshighlyprobablethatccmputingrupturelifeby these
principlesgivesquitegoodbutsomewhathighresults.

ProbablythemostimportantpointtorecognizeIs thatstistsntial
‘lossin lifecsmoccurwithrelativelysmallmountsofoverheatwhen: H

(1)A stresswhichisrelativelyhighinrelation
strengthat theoverheattemperatureispresentduring

(2)!l%estressisrelativelylowbuttheoverheat
highas 1,903°to2,000°1?wheretemperaturgal.onecan
amountsofdsmage.

MicrostructuralEffects

totherupture B
overheating.

temperatureisas
iqtrcducelarge

MdM_Mgraphicexaminationsofspecimegsafterrupt&eindicated
thatoverheatinghadtwogeneralvisibleeffects:

(1)Overheatingto 1,6x0and1,800°F probablyacceleratedprecip-
itationsadagglomerationof thephaseorphaseswhichnarmallyform
duringtestingatlj~OOF. (Seefigs.19620(a),and20(b).) Apparently
continuouscycllngevery12hoursto l,6@ F hadlittleeffectonfinal
structurewhilethatat 1,800°F brokeup thenetworkofprecipitatesin
thegrainboundaries.

(2)Overheatingto1,900°F continuouslytorupturereducedthe
general.precipitatesmdsllghtlyagglomeratedthegrain-bounderyprecip-
itates(fig.20(c)).Raisingthetemperat~eto2,000°F,nearlycom-
pletelyeliminatedbothgeneralandgrain-boyndsryprecipitation ‘“”
(fig.20(d)).

ELgures21(a)ml 21(b)showthata fewoverheatstol,90Q0F gave .

intermediatemountsofrestrictimofgeneralprecipitation.In addition, “-
.
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a veryfinegeneralbackgroundprecipitatewaspresent.Figures21(c)
and21(d)showmoreorlessthessmethingwherethetestswerestopped
at theendoftheoverheatsandnotcsrriedtorupture.Aswouldbe
expected,therewasnotsomuchprecipitationinthesesamples,partic.
ularl.ywhenoverheatingwasstoppedtiterfivecycles,becauseof the
reductionoftimeat1,5~0 F wherethemajorpertof theprecipitation
occurs. Thefinebackgroundprecipitatespresentin thessmplescon-
tinuedtorupture(figs.21(a)and21(b))wereabsent.

Figures21(e),21(f),and21(g)showmicrostructureof samples
givenlimitedamountsof overheatingto 2,000°F. llromthesecanbe
seentherestrictionandcoarseningof generalprecipitatesfrom1 cycle
of2 minutesat 2,000°F anda pronouncedreductioningeneralprecipita-
tionfrom2 cyclesand10 cycles.Inthesespecimens,itmustbe recog-
nizedthattherewasopportunityforprecipitationtotakeplaceat
1,500°F aftertemperaturecyclingwasstopped.Figure22 showsthe
completeabsenceofgeneralprecipitationwhena samplewasfractured

- at 2,000°F inaboutanhourina rupturetest.

Csrefulexaminationofthemicrostructureof samplesoverheatedto
* 1,900°and2,000°F,particularlyat 100diameters,suggestsincreases

in sizeofthecolumbiumcarbonitridepsrticlesasthesmountofgeneral
precipitatedecreases.

TheGeneralEXectricCo.hadcirculateda chartofphotomicrographs
entitled“OvertemperatureStudyofS-816AILoy’*showingl’solutioneffects”
in S-816alloyasa functionoftemperatureendtime. Thishasbeenused
by severalorganizationsto estimatetemperaturesof overheating.The
GeneralElectricchsrtwasbasedonreheatingmaterialsimplygiventhe
standardsolutiontreatmentandageat 1,400°F. !L%etestsofthis
investigationalsohadvaryinglengthsoftimeat 1,500°F understress
andmostofthessmpleshadrupturedat l,~” F.

ThecurvesfromtheGeneralElectricchsrthavebeenreproducedin
figure23 andpointsfromthepresentinvestigationhavebeensuperim-
posed.Itwillbe notedthatthereisindicationthatmoreorlessthe
samemicrostructure.1changesresultedfromperiodicoverheatingduring
rupturetestsat1,500°F asaxeshownby theGeneralElectricchartfor
simplyreheattigafteraging.Itwasquitesurprisingthatapproximately
thesametotaltimewasrequiredfornoticeableandreasonablycomplete
disappearanceofexcessphasesunderthetwocoalitions.Theprecipita-
tionandagglomerationduringtestingat 1,5~0 F apparentlydidnot
alterthetotaltime-temperaturerelaticmshipfora givenstructure
change.InmaXingthiscomparisontheaccumulatedtotaltimeforthe
2-minuteovefiheatswasused.
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MechanismofDamagefromOverheating F

OverheatingcanchangethestrengthofS-816alloyby structural
alteratimsmdby usingupavailablecreep-_rupturelLfethrough .

temperature-accleratedcreepifstressispresentduringtheoverheat.
Apparently,damagedueto stressbeingpresentcanbe approximatedquite
closelyby computingthepercentageofthenormalconstant-temperature
rupturetimeunderstressattheoverheatt&perature.Themechanism

—

forthelossinlifedueto structuralchangesinducedby temperatures
aloneis lessclear.

Themicrostructureexhibitedbythevariousspecimenssuggeststhat
exposureto temperaturesintherangeof1$6500to 1,800°F resultsfirst
inacceleratedpreciitationat 1,~00F followedby agglomerationand
overaging. ~At 1,900to2,000°F, italmostappearsasif solutionof
theexcessphasesoccurs.Solution,however,isnotby my meansclearly

—

establishedasthebasicmechanism.

Oneortwoexposuresof2-minutedurationto2,000°F reducedrupture
v

lifeby a verylargesmount.Itwouldseemthatthereactionratewas
ratherrapidtobe explainedby solutionofexcessphases.Furthermore, F
experiencewithalloysofthetype
solutionofexcessphasesdoesnot
life.If simplesolutionwerethe
shouldnotbe sodamaging.

Theveryrapidrateofdamage

oftheS-816alloyindicatesthat
reduce&ndusuallyincreasesrupture
answer,itwouldseemthatoverheating

fromoverheatingat 2,000°F suggests
thatsomecriticalprecipitatedispersionwasbrokenup. Thereis,
furthermore,theinferencethatthisisprobablysubmicroscopicinnature.
Mostexperienceindicatesthatwhenprecipitatepsrticlesbecomeaslarge
as thosevisibleinS-816alloytheyareincoherentandtoowidelydis-
persedtobe veryeffectiveinretsrdingcreep.Itisbelievedthata
gooddealofthestrengthofS-816alloyat l,~” F is dependenton .

somesdxnicroscopiccoherent-tyyeprecipitatemechanisminvolvingminor
alloyingelementssuchas carbonornitrogen.Actually,therewasmetal-
lographicevidenceofa fineprecipitateinthosesamplesoverheatedto
a limitedextentto1,900°F. It seemshighlyprobablethatthisprecip-
itaterepresentsagglomerationandgrowthof thecriticallydispersed
coherent~ecipitateswhicharethemajorfactorinvariationofcreep-
rupturestrengthof S-816alloyundertheconditionsofthisinvestigation.

Thereseemedtobe considerablemicroscopicevidence,undercondi-’
tionsofthecyclicoverheatsduringtestsat l,~” F,thatsolutionof
excessphaseswasnotoccurring.Instead,itappearedas ifthecolumbium
cwbonitrideparticleswereincreasingin size.Itisbelievedthatthis ““
probablywasthemajorreasonforthedisappearanceof excessphasesfrom ~ -
repeatedoverheatsto 2,000°F. It seemsqyitepossiblethatcarbon

.
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and/ornitrogencouldreactwith
overheatconditions.Thiswould

25

colunibiumandprecipitateoutunderthe
removethecarbonand/ornitrogenfrom

solutionandtheywouldnotbe availabletoformthe&ual csrb~deswhile
at l,~” F.

Thedsmagefromheatingthealloyat 1,900°to 2,~” F seemstobe
sensitivetothepriorhistoryof thealloy.Heatingat thesetempera-
turesbeforetestingisnotasdsmagingas overheatingduringexposure
tostressat l,~” F. Tueremustbe somereactioninvolvedin theprior
exposureto 1,~ 0 F orto creepat1,~0° F. In thisconnectim,other
investigatorsof overheatinghaveinformallyreportedthatoverheatdamage
atthesetemperatureswithevena smallamountof stresspresentcannot
be recoveredby subsequentheattreatmentat 2,150°F. Thiscouldbe
convenientlyexplainedby thetransferof carbonand/ornitrogento
inactivecolumbiumcarbonitrides,asdiscussedintheprecedingparagraph.
Suchcompcundswouldbe expectedtoresistre-solutionandprevent
rejuvenationofhigh-temperaturestrengthby heattreatment.Thedif-
ficultpartto explainis theabsenceofmy permsnentdsmagefrcunpre-* heatingtothesetemperaturesbeforetesting.There-e a nuniberof
reasonstoquestionsimplesolutimas thecauseof overheatdamage.

1
Whilethedatasxenotconclusiveanda gooddealof speculationis

involved,it seemsprobablethatthetemperaturedsmagefromoverheating
involvedinstructuralchangescanbe sunmarizedasfollows:

(1)Overheatingto 1,600°to 1,6X0F forshorttimeperidsincreases
creepresistanceby accelerationofa submicroscopiccoherentprecipitate
reactioninvolvingcarbonsnd/ornitrogen.Longeroverheatingto these
temperaturesapparentlycausesslightoveragingandslightlossof
strength.Thereseemstobe a definiteendpointbeyondwhichfurther
overheatinghasno effect.

(2)Increasingtheoverheattemperatureto 1,8CX)0F increasesthe
rateofoveragingandtheextenttowhichitprogresses.Thisreachesa
definiteendpointfora stressof16,200psiat 1,~0° F, fortheover-
heatcyclesused,beyondwhichfurtheroverheatinghasno effect.

At thessmetime,thereis an increaseintherateofformationand
agglomerationofthemicroscopicallyvisibleprecipitateswhichformat
1,~0°F. Itisdoubtfulthatan increaseinthesizeof.particles
alreadyvisiblemicroscopicallyhasmucheffecton creep-rupturestrength.

(3)Increutigtheoverheattemperatureto 1,900°F increasesthe
rateof overagingofthesubmicroscopicagingreaction.Visibleparticles
developas a res~t of limitedoverheatingto thistemperature.Theend

h pointofthereactionwasnotreachedundertheconditionsof cyclicover-
heatingusedinthisinvestigation.Itwasalsoapparentlyaccelerated

.
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andextendedby eitherexposureto1,500°F andforcreepat thistem- ?
peratureor cyclicoverheatsofshortdurationduringcreep-rupturetests
atl,~O”F. Suchcyclicoverheatscausedmoredsmagethansimpleheating
at 1,900°F priortotestingat l,~” F. .

At thesametime,carbonand/ornitrogenstsrtstoprecipitateout
onexistingcolumbiumcsrbonitrides.Thisbeginstodepletetheavail-
ablecsrbonand/ornitrogenforprecipitateformationwhilethematerial
is atl,mO” F understress.

(4)Increasingtheoverheattemperatureto2,000°F veryrapidly
destruysthesubmicroscopicagingreaction.Onlyverybriefoverheating
isrequiredforthistooccurwhenoverheatsoccurduringrupturetests
at 1,500°F.

Thetransferofcarbonand/ornitrogento existingcoluaibiumcarbo-
nitridesisacceleratedat 2,000°F. Thetimeat2,00@F forcyclesof
2-minutedurationtwicea daywasalmostsufficientto transferallthe
carbonaud/ornitrogentothisinactiveformandpreventprecipitation
at l,5CO”F. !lZnisalsoappearstobe theultimateendoftheelements
vitaltothesubmicroscopicagingreaction.

.-

b

(5)me maineffectofcyclicoverheatingduringa testat1,~O” F
seemstobe to carrythedsmagingreactionsfurtherthansimpleover-
heatingbeforetesting.Thevisiblemicrostructuralchangesseemtobe
aboutthesameinbothcases.

Thedatawerecarefullyretiewedforevidencethatrecoveryfrom
strain-hardeningarisingfromcreepwasa majorfactorinthetemperature-
actuatedoverheatdamage.Itwouldbe convenienttoexplaintheresults
intermsofthisphenomenon.Thiswouldgetaroundthedifficultyof
unequaleffectsfromoverheatingpriortoagdduringtestsat1,!330°F
forthesamegrossmicrostructuralchanges.However,forrecoveryto
havebeena majorfactor,itwouldbe difficulttoaccountforthesatura-
tion ointsbeyondwhichfurtheroverheatingcausednomoredamageat81,650, 1,800°,and2,000°F,butnotat1,900°F. Recoverywo~dbe
expectedtooperateas longasoverheatswereapplied.Toaccountfor
observedeffects,onlystructuralchangesandnotrecoverywouldbe
importantfortemperaturesup to1,900°F. At 1,900°F,recoverywould
havetobe slowandthereforeeffectivethroughoutthetests.Whenthe
temperaturewasraisedto2,000°F,recoverywouldhavetobe quiterapid
andonlyeffectiveforprimarycreeptoaccountfortherapidsaturation
effect.Thecaseforrecoverybeinganywherenearas impx%antasaltera-
tionofa precipitatetypeofreactionseemsdoubtful.
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InterpretationofResultsinTermsofOverheating
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inGasTurbines

Thetestingprogramindicatedthatoverheatingto 1,650°,1,800°,
1,900°,and2,000°F reducescreep-rupturelifeof S-816alloy.The
degreeofdamageincreaseswithtenqxzatureandtimeattemperature.
-e arisesfromstructuralchangesinducedinthealloyby tempera-
tureeffectssnd,ifa stressispresentduringoverheating,by an
acceleratedlossoflifeby creepatthehighertemperature.

Ina gasturbineoverheatingcouldoccuratanytimein thecreep-
rupturelifeof themetal.Presumably,thenumberofoverheatswould
alsobe verylimitedinnmber. Thefollowingreasoningthencouldbe
usedtoanalyzetheprobableeffectofanyspecificcase:

(1)An overheatealy intheMfe oftheturbinecouldbe evaluated
fromthedatapresentedinthisreport.w

(2)If m a~reciablepercentageofthelifehadbeenusedupby
k normalservicepriorto overheating,thedataarelesscertain.Certainly

onlythesubsequentservicelifewouldbe affected.Thedatafromthis
investigationcannotdefinetheeffectscompletely.Apparently,however,
thedamageis aboutthesamemywherein a test. Consequently,the
remaininglifewouldbe reducedandtheoveralllifereducedproportion-
allyless. ForS-816alloyatl,5@F, thisis scxpewhatacademic
becausethecreepex%ensiawouldbe solarge%y thetimetherupture
M.fehadbeenhalfusedup thatfewapplicationscouldstandthismuch
deformation.Consequently,thedatapresentedshouldcoverthemajority
ofapplications.

(3)Limitedoverheatsof2-minutedurationearlyin creep-rupture
lifeof S-816alloywouldreduceMfe at 1,500°F by temperaturedamage
asfollows:
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Rupturetime,hr,at1,~“ F under
Overheat stressnormallycausingrupturein

temperature, indicatedtimeperiods
oF

100hr I 1,000hr

. One2-reinoverheat

1,650 98 l,o~
1,800 95 l,o~
1,900 95 900
2,000 85 - 350

Two2-reinoverheats

1,650 98 1,ma
1,8Q0 1,000
1,900 z 700
2,000 73 300

Five2-reinoverheats

1,650 95 1,200
1,800 80 700
1,900 80 m
2,000 30 250

Itwillbe notedthatoneortwooverheatshaverelative~ylittleeffect
exceptat2,000°l?.Also,thepercentagelossincreases;iththenominal
rupturetime.

In estimatingdamagefromactualoverheats,itcouldbe expected
that:

(1)Thepercentagedamagewould\ncreasewiththeincreaseInthe
nominalrupturetimes.Thus,iftheactualoperatingstressalloweda
normalrupturetimeof severalthousandhours,thenthereductionin
lifewouldbe morethanthepercentageindicatedby theabovefigwes.

(2)Thelongertheserticebeforeoverheatingoccurred,thelessthe
totilservicelifewouldbe affectedbecausedrilytheremaininglifewould
be changed.Possiblytheremaininglifewouldbe reducedby aboutthe
ssxmpercentageas isindicatedby thedatainthisreportforoverhearing-““-~
earlyintherupturelife. Thelittledata.availableondelayedoverheats
tendto supportthispossibility. .

.
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.

.

Itwouldseemthatthemostseriousproblemfroma relativelyfew
overheatsinsofarascreep-rupturellfeis concernedwouldbe a rather
hightemperatureorthepresenceofa relativelyhighstressduringsm
ov~heat.

Reviewof thedatasuggeststhatinsofarasS-816alloyatl,~” F
isconcerned,theprobabilityisthata fewshort-durationoverheatswould
notinmostcasesdrasticallyreducerupturestrength.Thus,itis
probablethatinmanycasesothereffectsofoverheating,suchas thermal
shockdemage,willbe fsrmoreimportantthantheeffectsoncreep-rupture
properties.

CONCLUSIONS

Thefollowingconclusionsweredrsxrufrom
heatings-816alloyto temperaturesof1,650°,
2,000°F duringthecourseofrupturetestsat

aninvestigationofover-
l,&XIO,l,~”, and
1,* F:

1.Overheatingat temperaturesupto 2,0000 F reducedrupturelife
ofS-816alloyat l,~” F. Thelossin lifeincreasedwithbothtem-
peratureandaccumulatedtimeof overheating.Theonlyexceptionwas
someincreaseinrupturelifefromlimitedoverheatingto l,600°and
1,650°F intheabsenceof stress.

2. Thelossinrupturestrengtharisesfrombothalterationofthe
alloystructureby temperatureeffectsmd, ifstiessispresent,by
thetemperatureaccelerationof creep.Thepresenceofappreciable
stressduringoverheatingwouldbe thepredominantsourceofdsmage.
Evenverybriefexposureat1,8u10to2,000°F underthestressesnor-
mallycausz rupturein 1~ tol,WO hoursat1,500°F wouldeither
exhausta largeproportionoftherupturelifeorcauseimmediaterupture.

3.Temperaturealonecanreducerupturetimesat l,- F toa
pronouncedextent.!l%ooverheatsto2,000°F of2-minutedurationwith
stressremovedreducedtherupturetimeatl,~” F under16,200psi
fromanaverageof1,210hoursto 349hours.Theeffectswerelessat
lowertemperatureswiththereductionfromoverheatingat 1,6x0 F
hardlybeingsignificantforevena largenumberof suchoverheats.

h. Thecombinedeffectsof temperatureandcreepdsmageforover-
heatinginthepresenceof stresscanbe computedreasonablywell. The
lossin llfefromtemperaturecyclingmustbe addedtothelossin llfe
by creep.Estinwtionof thetemperaturedamagerequirespriormeasure-
mentof theeffectof overheattemperatureonrupturetimeat1,5~0F.
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Thecreepdamagecsmbe estimatedastheperc~tof.tot~ a~~ble ruP- *
turetimeat theoverheattemperaturerepresentedby theactualtimeat

—

theoverheattemperature. *–

5.Temperaturealoneinducesinternalstructurechangeswhichinflu-
encestrengthat l,5CMl”F. Twooverheatsof2-minutedurationaffected
therupturetimeat 1,500°F for16,200psiasfollows:

I Overheat I Rupturetimeat I
temperature, 1,ylooF,

1

-o F- 1 hr

None al,210
I,650 1,330
1,m 1,210
1,900 85Q
2,000 360

m

%ormalrupturetest.
K

Thus,oneortwooverheatsbecomesignificantonlywhenthetemperature
isl,~” F orhigher.

6.Cyclicoverheating,withstressremovedduringtheoverheats,
untilfractureoccurredatly5~0F tisclosedthata sat~ati~ ind-e
occurredfortemperaturesof1,650°,1,800°,and2,000°F. Aftera spe-
cificnumberofoverheatsnofurtherdamageoccurred.Thesesaturation
timeswereaccumulatedduringtestsunder16,200psi(normalrupture
time,1,210hours)at l,w” Fbut notfortestsunder22,000psi(normal
rupturetime,94hours).Whenoverheatedat1,900°F, sat~ationwasnot
attained.

7.Microstructuralstudiesindicatedthatoverheatingto1,650°and
1,800°F acceleratedthenormalprecipitationandagglomerationprocess
whichoccursduringtestingat 1,500°F. Apparentlyheatingto 1,900°
and2,0~0F causedsomepartofthosealloyingelementswhichpartici-
pateinnormalprecipitateformationduringtestingat1,500°F,probably
csrbonand/ornitrogen,tobe transferredtoinactivecolumbiumcarbo-
nitrides.Thisreducesprecipitateformationduringtestsatl,50Q0F

0 F issufficientto carrythereactionand,whenthetotaltimeat2,000
to completion,givestheappearsmceofa solution-treatedstructure.
T!MS,however,apparent=doesnotacco~tfortheveryProno~cedloss
in strengthfromverybriefoverheatingat2,000°F. Themainlossin
rupturelifeoccurredbeforetheoverheattimewasextensiveenoughto
causea recognizablechangeinthemicroscopicallyvisiblestructureof

.
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thealloy.Thissuggeststhatthereisprobablya submicroscopiccoherent
precipitatecontainingcarbon.md/ornitrogenwhichprovideshighstrength
andthatthisisdestrqyedby verylimitedheatingto 2,000°F.

8.Repeatedcyclicoverheatscausethetemperaturedamagetobe more
extensiveandto occurfasterthanheatingthetestmaterialto thessme
temperaturesbeforetesting.Consequently,overheatingbeforetesting
cannotbe usedtopredicttemperaturedsmagere~ablyinS-816alloy.

9.A limitednumberofoverheatsat anytimeduringthecreep-
rupturelifeapparent~hasaboutthessneeffectas iftheywereapplied
earlyinthetest. Becausesuchoverheatscanaffectonlythefuture
lifeaftertheoverheat,theoveralllossin lifediminishesas over-
heatingisdelayedtowardtheendoftherupturetest.

universityofMichigan,
AnnArbor,Mich.,Msrch9, 1956.*

.
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‘F

1,300
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1,m

1,900

2,000

Stress,
psi

15,400

16,200

16,400

17$m

18,000

18,500

19,400

19,600

21,6U0

22,000

22,690

18,(x)0
25,cmo

u,m

12,m

16,200
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33

TMBLEI

RUFKIRE5!l%OKS-816W

Rupturetime,
hr

1,628

1,I.lo
1,242
1,215
1,268

804

507

36$
237

206

95

106
82

65

14.2
1.7

4.8

2.7
3.0
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.6

.7

.3

.30
=.17
a.38

.07

4:T
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Dercent

40

43
46

?;

45

46

60

61

4?

62

37
33

17

27
26
26
25

17
26

17

26

24
19

Reductimofarea,
recent

47

E
49
30

49

49

23
26

24

54
55

50

43
41

50

I-6
17

23

23
u?
13
9

22
28

2
13
15
15

n
6

%estsm torupturemaintainingtemperaturebyresistanceheating.
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TABLEII

CYCLIC!OWREWi!SIN~E 0~-S ONs-8I-6W

[ 1Allcycles 2min. exceptthosenoted

Overheat No. of Rupturetime, l&actionof
tenrp., Elongation,Reductionofarea,

cycles hr ruptureU.fe,
w percent percent percent

1,~0-brrupturestressof16,200psi

1,Wo %9 828.9 68.5 34 44

1,650 b76 89k.2 73.8 47
8 1,541,9 127.3 48 l;

1,800 bk4 524.5 43.5 47 36
25 467.1 38.6 44 26
q 677.7 & 35

798.0 * (3
2 1,261.0 104:2 36 24

1,900 b31 368.5 30.4 36 46
15 ~11.2 42.2 40
C5 774.5 64.0 E 24
3 677.2 34 24
1 1,051.8 g:: 32 26

2,ccil b24 287.8 23.7 42“ 26
10 291.Cl 24.1 ?@ 15
5 315.6 26.1 29 17
2 349.1 28.9 w 17
1 438.6 36.2 28 20

94-hrrupturestressof22,000psi

1,%0 ‘%5 W.9 136.0 48 w

I.,650 b~ 84.3 89.7 46 23
10 &.o 89.6 42 20
5 90.0 95.7 35 20

1,800 %3 66.3 70.5 19
8 69.7 74.2 z 23

1,9W bll 55.8 59.4 20
6 66.4 70.6 (:; 20

2,000 b5 24.9 g.; 18 6
3 5%6 . 33 16

%pecimenwith load cycled at1,~0°Funtilfailure.
~~erheat~tofailure.
c~rstoverheatdelayed until 164Jbrs.
‘5-fdncycle delayed410hrs.
‘Specimendemsgedwlmnremovedfromholders.

*

●

*
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TABLEIin

RUPTURETESTSOHHWE=CEDBARSOFS-816AIILOY

Ikirmal
rupture
test
(a)

Preheat
q.,

Rreheat
hraticm,
min

Rupturetime Elongation,
percent

Reductkmof
area,pcenthr percentofnormal

175
130
@
91

93
89

&’
97
/33

~

43
41
49
40

1,(5W

1,6w

1,8CX)

1,99

2,(X)O

2,137
L,.586
L,070
49

47
42
57
23

31
(b)

47

z
31

31
(b)

E
30

1
1
1
3

2
3

1
2
1
3

2
3

1
1
3

2?)
240
240

130
240

5
10
20
24o

7
240

10
3
240

(c)
(b)

45
(c)

z

w
68

1,055
45

(c)
(b)

43
23
46

923
801
35

aNm~ ~ptme tesis:

t I mDesi@Jlation Tests from -

1 Present investigation
2 General Electric Co.

(ref. 3)
3 AJleghenyLudlumSteel

Corp. (ref. 4)
25,oa3

II
54 30

I
34

bRupturetimes interpcl.ated from plot.
cRedutim of area not reported.

TABLEIv

OWRHEWHIN~CE OFSTRESSONs-8u5AIWY

IOverheat Overheat
stress, temp.,

DSi %?

No. of Rupture
time,
br

Normal
stress,

-0si

Elongation, IReductionOf
percent area, percent

Expected
Mfe, hrcycles

IU2,mo 1,800
lqxlo l,a)

14
13

187
l%

347

348

38 22
37 24

44 23

39- 46

18,0ca 223
223

440

463 1

18,cno

18,000 18,00aI 1,650 q’4
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L57-4145
Figure1.-Photographshtingcreep-ruptureunitmodifiedforusein

overheatingby resistanceheating.
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Variable
Resistancek

D

Rupture

./
Sample

Aluxmel
●

\
●

●

A

Indicating
Potentiometer

Figure2.-Schematicwiringdiagramof systemusedformeasurementof
temperatureduringoverheatsto avoidextrsmeouselectromotiveforce
fromheatingcurrent.
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psi Cycle
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● 22,000 5hr

Fractionofnormalrupture life, percent

(a)Overheating to 1,650°F.

Figure7.-Effectofamountofomwheatlngto variouatmweraturescmruptureI-ife at1,~“ F
understiessesof22,000and16,200psi. S&em removedduring2+dnuteoverheaksapplied
every~ awl12hours.
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l(b)! I’d 1 hYx=!!! .! !.. 1-+1
20 40

Fraction of normalrupture life, percent

(a)Tests at 1,500°F and22,000psi(normalrupturetime,94hours)
using2-minuteoverheatcyclesevery> hours,

(b)Testsat1,500°F * 16,200psi (normalrupturetime,1,210hours)
using2-minuteoverheatcycleseveryI-2hours..

Figure8.-~fectofamountofoverheattigto1,650°,1,800°,1,9@3°~
and2,000°F onrupturelifeat 1,~0° F understressesof16,200
and22,000psi. Stressremovedduringoverheatperiod.
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Preheat Temperature, ‘F

● 1,600
0 1,650
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240 n
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220. figure 9.
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Figure10.- Percentofrupturelifeleft-at1,500°F afterpreheating .
forvariouetimestoIndicatedtemperatures.
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Figure IL- Concluded.
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Figure20.- Concluded.
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(a)Threecyclesofoverheatsto1,900°F. Sampleruntoruptureat
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Figure21.- Effectoflimitedcyclicoverheatingto 1,900°and2,000°F -
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(c)Fivecyclesofoverheatstol,9tX)”F. Samplerun~ hours,then

cooledtoroomtemperature.
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(d)Twenty cycles ofoverheatstol,gOO”F. Samplerun240hours,
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Figure21.- Continued.
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Figure21.- Concluded.
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